The clinical impact of the 2009 pandemic influenza A(H1N1) virus (pdmH1N1) has been relatively low. However, amino acid substitution D222G in the hemagglutinin of pdmH1N1 has been associated with cases of severe disease and fatalities. D222G was introduced in a prototype pdmH1N1 by reverse genetics, and the effect on virus receptor binding, replication, antigenic properties, and pathogenesis and transmission in animal models was investigated. pdmH1N1 with D222G caused ocular disease in mice without further indications of enhanced virulence in mice and ferrets. pdmH1N1 with D222G retained transmissibility via aerosols or respiratory droplets in ferrets and guinea pigs. The virus displayed changes in attachment to human respiratory tissues in vitro, in particular increased binding to macrophages and type II pneumocytes in the alveoli and to tracheal and bronchial submucosal glands. Virus attachment studies further indicated that pdmH1N1 with D222G acquired dual receptor specificity for complex ␣2,3and ␣2,6-linked sialic acids. Molecular dynamics modeling of the hemagglutinin structure provided an explanation for the retention of ␣2,6 binding. Altered receptor specificity of the virus with D222G thus affected interaction with cells of the human lower respiratory tract, possibly explaining the observed association with enhanced disease in humans.
In April 2009, the H1N1 influenza A virus of swine origin was detected in humans in North America (9, 12, 42) . Evidence for its origin came from analyses of the viral genome, with six gene segments displaying the closest resemblance to American "triple-reassortant" swine viruses and two to "Eurasian-lineage" swine viruses (13, 42) . After this first detection in humans, the virus spread rapidly around the globe, starting the first influenza pandemic of the 21st century. The 2009 pandemic influenza A(H1N1) virus (pdmH1N1) has been relatively mild, with a spectrum of disease ranging from subclinical infections or mild upper respiratory tract illness to sporadic cases of severe pneumonia and acute respiratory distress syndrome (3, 11, 27, 29, 30, 37) . Overall, the case-fatality rate during the start of the pandemic was not significantly higher than in seasonal epidemics in most countries. However, a marked difference was observed in the case-fatality rate in specific age groups, with seasonal influenza generally causing highest mortality in elderly and immunocompromised individuals, and the pdmH1N1 affecting a relatively large proportion of (previously healthy) young individuals (3, 11, 27, 29, 30, 37) .
Determinants of influenza A virus virulence have been mapped for a wide variety of zoonotic and pandemic influenza viruses to the polymerase genes, hemagglutinin (HA), neuraminidase (NA), and nonstructural protein 1 (NS1). Such virulence-associated substitutions generally facilitate more efficient replication in humans via improved interactions with host cell factors. Since most of these virulence-associated substitutions were absent in the earliest pdmH1N1s, it has been speculated that the virus could acquire some of these mutations, potentially resulting in the emergence of more pathogenic viruses. Such virulence markers could be acquired by gene reassortment with cocirculating influenza A viruses, or by mutation. The influenza virus polymerase genes, in particular PB2, have been shown to be important determinants of the virulence of the highly pathogenic avian influenza (HPAI) H5N1 and H7N7 viruses and the transmission of the 1918 H1N1 Spanish influenza virus (17, 26, 34, 51) . One of the most commonly identified virulence markers to date is E627K in PB2. The glutamic acid (E) residue is generally found in avian influenza viruses, while human viruses have a lysine (K), and this mutation was described as a determinant of host range in vitro (48) . Given that all human and many zoonotic influenza viruses of the last century contained 627K, it was surprising that the pdmH1N1 had 627E. In addition, an aspartate (D)-to-asparagine (N) substitution at position 701 (D701N) of PB2 has previously been shown to expand the host range of avian H5N1 virus to mice and humans and to increase virus transmission in guinea pigs (26, 46) . Like E627K, D701N was absent in the genome of pdmH1N1. Thus, the pdmH1N1 was the first known human pandemic virus with 627E and 701D, and it has been speculated that pdmH1N1 could mutate into a more virulent form by acquiring one of these mutations or both. Recently, it was shown that neither E627K nor D701N in PB2 of pdmH1N1 increased its virulence in ferrets and mice (18) . The PB1-F2 protein has previously also been associated with high pathogenicity of the 1918 H1N1 and HPAI H5N1 viruses (8) . The PB1-F2 protein of the pdmH1N1 is truncated due to premature stop codons. However, restoration of the PB1-F2 reading frame did not result in viruses with increased virulence (15) . The NS1 protein of pdmH1N1 is also truncated due to a stop codon and, as a result, does not contain a PDZ ligand domain that is involved in cell-signaling pathways and has been implicated in the pathogenicity of 1918 H1N1 and HPAI H5N1 viruses (5, 8, 21) . Surprisingly, restoration of a full-length version of the NS1 gene did not result in increased virulence in animal models (16) . Mutations affecting virulence and host range have further frequently been mapped to hemagglutinin (HA) and neuraminidase (NA) in relation to their interaction with ␣2,3or ␣2,6-linked sialic acids (SAs), the virus receptors on host cells (17, 32, 35, 50) . The HA gene of previous pandemic viruses incorporated substitutions that allow efficient attachment to ␣2,6-SAs-the virus receptor on human cellscompared to ancestral avian viruses that attach more efficiently to ␣2,3-SAs (35, 47, 50) .
To search for mutations of potential importance to public health, numerous laboratories performed genome sequencing of pdmH1N1s, resulting in the real-time accumulation of information on emergence of potential virulence markers. Of specific interest were reports on amino acid substitutions from aspartic acid (D) to glycine (G) at position 222 (position 225 in H3) in HA of pdmH1N1. This substitution was observed in a fatal case of pdmH1N1 infection in June 2009 in the Netherlands (M. Jonges et al., unpublished data). Between July and December 2009, viruses from 11 (18%) of 61 cases with severe disease outcome in Norway have also been reported to harbor the D222G substitution upon direct sequencing of HA in clinical specimens. Such mutant viruses were not observed in any of 205 mild cases investigated, and the frequency of detection of this mutation was significantly higher in severe cases than in mild cases (23) . In Hong Kong, the D222G substitution was detected in 12.5% (6) and 4.1% (31) of patients with severe disease and in 0% of patients with mild disease, in two different studies without prior propagation in embryonated chicken eggs. In addition to Norway and Hong Kong, the mutation has been detected in Brazil, Japan, Mexico, Ukraine, and the United States (56) . Thus, D222G in HA could be the first identified "virulence marker" of pdmH1N1. pdmH1N1 with D222G in HA have not become widespread in the population, although they were detected in several countries. However, D222G in HA is of special interest, since it has also been described as the single change in HA between two strains of the "Spanish" 1918 H1N1 virus that differed in receptor specificity (47) . Furthermore, upon propagation in embryonated chicken eggs, pdmH1N1 can acquire the mutation rapidly, presumably because it results in virus adaptation to avian (␣2,3-SAs) receptors (49) . The presence of the substitution in pdmH1N1s in the human population and its potential association with more severe disease prompted us to test its effect on pdmH1N1 receptor binding, replication, antigenic properties, and pathogenesis and transmission in animal models.
MATERIALS AND METHODS

Cells and viruses. Madin-Darby Canine kidney (MDCK) cells were cultured in
Eagle's minimum essential medium (EMEM; Cambrex, Heerhugowaard, Netherlands) supplemented with 10% fetal calf serum (FCS), 100 IU of penicillin/ml, 100 g of streptomycin/ml, 2 mM glutamine, 1.5 mg of sodium bicarbonate (Cambrex)/ml, 10 mM HEPES (Cambrex), and nonessential amino acids (MP Biomedicals Europe, Illkirch, France). 293T cells were cultured in Dulbecco's modified Eagle's medium (Cambrex) supplemented with 10% FCS, 100 IU of penicillin/ml, 100 mg of streptomycin/ml, 2 mM glutamine, 1 mM sodium pyruvate, and nonessential amino acids. Influenza virus A/Netherlands/602/2009 was isolated from the first patient with pdmH1N1 virus infection in the Netherlands (33) . All eight gene segments of this virus were amplified by reverse transcription-PCR, cloned in a modified version of the bidirectional reverse genetics plasmid pHW2000 (10, 19) , and subsequently used to generate recombinant virus by reverse genetics as described elsewhere (10) . The mutations of interest (D222E and D222G) were introduced in the HA gene segment by using the QuikChange multi site-directed mutagenesis kit (Stratagene, Leusden, Netherlands) according to the instructions of the manufacturer. D222G was selected based on the association with increased virulence, whereas D222E was included as a control, since it was observed frequently in circulating pdmH1N1s. Recombinant viruses NL602-WT, NL602-D222E, and NL602-D222G were rescued in 293T cells and propagated in MDCK cells. Virus titers were determined in MDCK cells as described below. The presence of each mutation and the absence of undesired mutations were confirmed by sequencing the HA gene of the recombinant viruses.
Modified TRBC hemagglutination assay. Modified turkey red blood cells (TRBCs) were prepared as described previously (36) with minor modifications. Briefly, ␣2,3-, ␣2,6-, ␣2,8-, and ␣2,9-linked SAs were removed from the surface of TRBCs by incubating 62.5 l of 20% TRBCs in phosphate-buffered saline (PBS) with 50 mU of Vibrio cholerae NA (VCNA; Roche, Almere, Netherlands) in 8 mM calcium chloride at 37°C for 1 h. The removal of sialic acids was confirmed by demonstrating the complete loss of hemagglutination of the TRBCs by control influenza A viruses. Subsequently, resialylation was performed using 0.5 mU ␣2,3-(N)-sialyltransferase (Calbiochem, CA) or 2 mU of ␣2,6-(N)sialyltransferase (Japan Tobacco, Inc., Shizuoka, Japan) and 1.5 mM cytidine monophospho-N-acetylneuraminic (CMP) sialic acid (Sigma-Aldrich, Zwijndrecht, Netherlands) at 37°C in 75 l for 2 h to produce ␣2,3-TRBCs and ␣2,6-TRBCs, respectively. After washing, the TRBCs were resuspended in PBS containing 1% bovine serum albumin to a final concentration of 0.5% TRBCs. Resialylation was confirmed by hemagglutination assay with human and avian influenza viruses with known receptor specificities for ␣2,6 and ␣2,3 SAs, respectively. The receptor specificity of the mutant viruses was tested by performing a standard hemagglutination assay with the modified TRBCs. In brief, serial 2-fold dilutions of virus in PBS were made in a 50-l volume; 50 l of 0.5% TRBCs was added, followed by incubation for 1 h at 4°C before the hemagglutination titer was determined.
Virus titrations. Virus titers in virus stocks, nasal and throat swabs, homogenized organ samples or samples from inoculated MDCK cells were determined by endpoint titration in MDCK cells. MDCK cells were inoculated with 10-fold serial dilutions of each sample, washed 1 h after inoculation with PBS, and cultured in 200 l of infection medium, consisting of EMEM supplemented with VOL. 84, 2010 D222G IN PANDEMIC H1N1 HA AFFECTS RECEPTOR SPECIFICITY 11803 100 IU of penicillin/ml, 100 g of streptomycin/ml, 2 mM glutamine, 1.5 mg of sodium bicarbonate/ml, 10 mM HEPES, nonessential amino acids, and 17.5 g of trypsin/ml. At 3 days after inoculation, supernatants of infected cell cultures were tested for agglutinating activity using turkey erythrocytes as an indicator of virus replication in the cells. Infectious virus titers were calculated from four replicates by the method of Spearman-Karber (22) . Replication curves. Replication curves were generated by inoculating MDCK cells at a multiplicity of infection (MOI) of 0.01 50% tissue culture infectious doses (TCID 50 ) per cell. Supernatants were sampled at 6, 12, 24, and 48 h postinfection, and the virus titers in these supernatants were determined by means of endpoint titration in MDCK cells as described above.
Animal experiments. For pathogenesis studies performed in mice (Mus musculus), experiments were performed in accordance with the guidelines of the University of Maryland Institutional Animal Care and Use Committee. Groups of six 5-week-old female BALB/c mice were inoculated intranasally with 2.5 ϫ 10 6 TCID 50 of influenza virus, and body weights were recorded daily until 14 days postinfection (dpi) as an indicator of disease. In a separate experiment, three animals from each group were euthanized at 3 and 5 dpi, and the lungs were collected and subsequently homogenized for virus titration. Virus titers were determined by endpoint titration in MDCK cells as described above.
For pathogenesis and transmission studies performed in ferrets (Mustella putorius furo), the experiments were approved by an independent Animal Ethics Committee contracted by Erasmus MC Rotterdam. Healthy young adult outbreed female ferrets between 6 and 12 months old weighing 0.8 to 1.5 kg were tested for the absence of antibodies against seasonal H1N1 and H3N2 influenza viruses and the pdmH1N1 virus by a hemagglutination inhibition (HI) assay. Ferrets were anesthetized via intramuscular injection of a ketamine-medetomidine mixture prior to inoculation (reversed with atipamezole) and with ketamine prior to nose and throat swab collection. To study pathogenesis, groups of six ferrets were inoculated intranasally with 10 6 TCID 50 of influenza virus divided over both nostrils (i.e., 2 ϫ 250 l). Throat and nasal swabs were collected daily to determine virus excretion from the upper respiratory tract. Animals were observed for clinical signs and weighed daily as an indicator of disease. Three animals from each group were euthanized at 3 and 7 dpi, and the nasal turbinates, trachea, lungs, livers, spleens, kidneys, colons, and brains were collected to study virus distribution. In ferret transmission experiments, four animals were housed individually in transmission cages and inoculated intranasally with 10 6 TCID 50 of influenza virus divided over both nostrils (2 ϫ 250 l). At 1 dpi, four naive ferrets were individually placed in a transmission cage adjacent to an inoculated ferret, separated by two stainless steel grids, to allow airflow from the inoculated to the naive ferret but to prevent direct contact and fomite transmission. Nasal and throat swabs were collected at 0, 1, 2, 3, 5, and 7 dpi from inoculated ferrets and at 0, 1, 2, 3, 5, and 7 days postexposure (dpe) for the naive animals. Inoculated ferrets were euthanized at 7 dpi, and naive ferrets that were shedding virus by 7 dpe were also euthanized. Naive animals that remained negative for virus excretion throughout the experiment were euthanized at 15 dpe, and a blood sample was collected for serology. Virus titers in collected swabs and tissue homogenates were determined by means of endpoint titration in MDCK cells as described above (33) .
For transmission studies performed in guinea pigs (Cavia porcellus), experiments were performed in accordance with the guidelines of the Mount Sinai School of Medicine Institutional Animal Care and Use Committee. Female Hartley strain guinea pigs weighing 300 to 350 g were obtained from Charles River Laboratories (Wilmington, MA). Guinea pigs were anesthetized through intramuscular injection of a ketamine-xylazine mixture (30 and 2 mg/kg, respectively) prior to inoculation and nasal wash collection. Four guinea pigs were inoculated intranasally with 10 4 TCID 50 of influenza virus in 300 l of PBS. Exposure of naive guinea pigs to inoculated guinea pigs was initiated at 1 dpi and continued for 7 days. Nasal washings were collected from animals on 2, 4, 6, and 8 dpi or dpe. Aerosol transmission experiments were performed within a Caron environmental test chamber (model 6030) set to 20°C and 20% relative humidity. Cages placed within the chamber were open at the top and at one side such that air exchange occurred among all eight cages; thus, direct pairings of infected and exposed animals were not made. To prevent aberrant cross-contamination between cages, exposed animals were handled before inoculated animals and gloves were disinfected between cages.
Immunohistochemistry. Samples for histological examination were stored in 10% neutral-buffered formalin, embedded in paraffin, sectioned at 4 m, and stained with an immunohistochemical method using a mouse monoclonal antibody against the nucleoprotein of influenza A virus (39) . Goat anti-mouse IgG2a HRP directed against the primary antibody was used as a secondary antibody. The peroxidase activity of the conjugate was revealed by using 3-amino-9-ethylcarbazole (AEC; Sigma-Aldrich), resulting in a red precipitate.
Virus purification and labeling. Viruses were purified and labeled with fluorescein isothiocyanate (FITC; Sigma-Aldrich) as described previously (52). Briefly, virus stocks prepared in MDCK cells were concentrated and purified by using sucrose gradients, inactivated by dialysis against 0.1% formalin, and labeled with an equal volume of 0.1 mg of FITC/ml. Virus histochemistry on tissue sections. The paraffin-embedded human respiratory tract tissue sections were obtained from the Department of Pathology, Erasmus Medical Center. The paraffin-embedded animal tissue sections were obtained from the Department of Virology, Erasmus Medical Center. All selected tissues were without histological lesions or evidence of respiratory tract infection. Tissues from three individuals of each species were analyzed. Virus histochemistry was performed as described previously (52). Briefly, formalinfixed, paraffin-embedded tissues were deparaffinized with xylene and rehydrated with graded alcohol. FITC-labeled influenza viruses (50 to 100 hemagglutinating units) were incubated with tissues overnight at 4°C. The FITC label was detected with a peroxidase-labeled rabbit anti-FITC antibody (Dako, Heverlee, Belgium), and the signal was amplified with a tyramide signal amplification system (Perkin-Elmer, Groningen, Netherlands) according to the manufacturer's instructions. Peroxidase was revealed with 3-amino-9-ethyl-carbazole (Sigma-Aldrich), and tissues were counterstained with hematoxylin and embedded in glycerol-gelatin (Merck, Darmstadt, Germany). Attachment of influenza virus to tissues was visible as granular to diffuse red staining.
HI assay. Hemagglutination inhibition (HI) assays using postinfection ferret and rabbit antisera were performed to compare the antigenic properties of influenza A virus isolates as described previously (44) . All antisera were treated overnight with receptor-destroying enzyme and subsequently incubated at 56°C for 1 h. Twofold serial dilutions of each antiserum, starting at a 1:20 dilution, were tested for their ability to inhibit the agglutination of turkey erythrocytes by four hemagglutinating units of influenza A virus. All HI assays were performed in duplicate.
In silico generation of glycan structures. The three-sugar glycan, NeuAc␣2,6Gal␤1-4GlcNAc␤1 with a methyl cap attached to the O1 atom of the terminal sugar, was constructed and parameterized using LEaP (4) with Glycam06c parameters (24) before being subjected to geometry optimization using GMIN (54) . Partial charges for the glycan atoms were calculated by using GAMESS (41) with a 6-31G* basis set and the restricted electrostatic potential method (1). These charges were used for a final minimization before docking into the protein.
In silico prediction of initial HA-glycan complex. A model of the structure of the HA of NL602 was built by using MODELLER (40) based upon the crystal structure of HA of the H1N1 1918 A/SouthCarolina/1/18 virus (PDB code 1RUZ). The D222G mutation was introduced by using the program Andante (45) . The glycan was docked into the binding site of the NL602 and the 1918 A/SouthCarolina/1/18 HA structure based upon the experimentally determined crystal structure of swine 1930 H1N1 (PDB code 1RVT). Several strategies were then used to explore the docking of the glycan within the binding pocket. Initial glycan conformations were produced with the phi angle of the glycosidic bond between the second and third sugars set to either 0°or 180°. Exploration of alternative side chain conformations of amino acids within the binding pocket was performed by using a rotamer search (45) . Molecular dynamics simulations and global optimization by basin-hopping (55) were then used, as described below, to produce optimized docked conformations for each set of initial docked complexes.
Molecular dynamics simulations. Molecular dynamics simulations of each complex were performed by using GROMACS (28) with the AMBER ff99SB force field. Each model was placed in an 80-by-80-by-80 Å box containing approximately 20,000 TIP3P water molecules and minimized for 1,000 BFGS steps to remove any unfavorable contacts. The system was equilibrated by heating the complex to 306 K. Production runs were then performed for 1 ns at neutral pH. All glutamate and aspartate residues were therefore negatively charged, while lysine and arginine were positively charged and histidines were neutral. The system charge was neutralized by adding an appropriate number of counterions (Na ϩ or Cl). The particle mesh Ewald method was used to compute long-range electrostatic interactions, using a 1.0-Å grid spacing and a fourth-order spline for interpolation. The nonbonded cutoff was set to 9.0 Å, and the SHAKE algorithm was used to constrain all bonds involving hydrogen atoms. A time step of 2.0 fs was used in all simulations, and coordinates (snapshots) were saved every 20 ps. Periodic boundary conditions were applied throughout. Simulations for each complex were repeated 10-fold with different initial starting velocities. The molecular dynamics simulations were performed using the University of Cambridge CAMGRID computing cluster (2) .
Basin-hopping global optimization. Local minima of low potential energy were identified by using the basin-hopping approach (55) (a variant of Monte Carlo with minimization) as implemented in the program GMIN (54) . In this method, every step consisting of a change in the current coordinates is followed by local minimization of the resulting structure. A Metropolis criterion based on the potential energies of the old and new minima is then applied to determine whether to accept or reject the move to the new local minimum. To allow efficient sampling of possible receptor conformations, a hybrid step-taking scheme was used. This scheme consisted of a short, high-temperature (450 K) molecular dynamics trajectory, using the Generalized Born implicit solvent model (igb ϭ 1), followed by a rigid body rotation of the sugar about its center of coordinates. Finally, a small random perturbation was applied to all atoms of the receptor.
Classification of binding modes. The different binding modes described were defined according to separation of the center of mass of the backbone atoms of residue 224 and the center of mass of the O2 and O3 atoms of the ␣2,6-SA galactose sugar. Those where this distance was Ͻ6 Å were classified as mode 1, those where the distance was Ͼ7 Å were classified as mode 2, and others were classified as intermediate.
Hydrogen bond analysis. Hydrogen bonds were characterized using the default settings (3.5-Å cutoff distance with no cutoff angle) for ptraj as distributed with AmberTools 1.1 (4) . The presence of each hydrogen bond of interest was recorded for every snapshot generated during molecular dynamics simulations. The percentage of structures containing these hydrogen bonds was calculated over all repeats of a given strain. The analysis was repeated separately for structures classified as mode 1, mode 2, and intermediate as described above.
RESULTS
In vitro replication kinetics. Recombinant viruses with or without the D222E and D222G substitutions in HA were generated in 293T cells by reverse genetics using the prototype pdmH1N1 virus A/Netherlands/602/2009 as the genetic backbone. D222G was selected because it may be associated with increased virulence, and D222E was chosen as a control because it was observed in a relatively large proportion of pdmH1N1s without evidence for association with increased virulence. Viruses produced in 293T cells were propagated and titrated in MDCK cells. Subsequently, MDCK cells were inoculated at an MOI of 0.01, after which supernatants were harvested at fixed time points and the virus titers were determined in MDCK cells (see Fig. S1 in the supplemental material). The replication kinetics of the wild-type virus and the two mutant viruses were similar. NL602-D222G replicated to slightly lower titers in the first 24 h after inoculation, with Ͻ10-fold differences in virus titers, which is not statistically significant.
Pathogenesis experiments in ferrets. To investigate potential differences in virulence, groups of six ferrets were inoculated intranasally with 10 6 TCID 50 of NL602-WT, NL602-D222E, or NL602-D222G. The animals were weighed daily as an indicator of disease. The mean maximum weight loss was 9 to 10.5% over the 7-day period, with no statistically significant differences among the groups (Fig. 1A ) (see Fig. S2 in the supplemental material). No marked differences were observed for clinical parameters such as lethargy, ruffled fur, interest in food, and runny nose between the groups. Nose and throat swabs were collected from inoculated animals daily, and virus titers were determined by endpoint titration in MDCK cells. Virus shedding was observed from 1 dpi onward and continued until 7 dpi from both the noses and throats of ferrets inoculated with the three viruses ( Fig. 1B and C) . Overall, only minor differences in virus shedding-which did not reach statistical significance-were observed among the groups. At 3 and 7 dpi, three ferrets from each group were euthanized, and the nasal turbinates, trachea, lungs, brains, livers, spleens, kidneys, and colons were collected for virological examination. Parts of the collected tissues were homogenized, and virus titers were determined by titration in MDCK cells. Virus was detected in the nasal turbinates, tracheas, and lungs at 3 dpi in 3/3 animals inoculated with each virus, but not in the other organs (see Table S1 in the supplemental material). The virus titers recovered from the respiratory tract tissues did not reveal remarkable differences. At 7 dpi, virus was only detected in the lungs of one of three ferrets inoculated with NL602-WT, in the nasal turbinates of two of three animals inoculated with NL602-WT and NL602-D222G, and in the trachea of one of three animals inoculated with NL602-WT and NL602-D222E. At 7 dpi, virus titers were generally lower than at 3 dpi, suggesting virus clearance in this animal model over time. Sequence analyses of HA of viruses isolated from the noses and lungs of infected ferrets were performed to confirm that the viruses did not change by mutation. Influenza virus antigen expression in tissue sections of the nasal turbinates and lungs of ferrets inoculated with NL602-WT, NL602-D222E, and NL602-D222G collected at 3 dpi were stained with a monoclonal antibody against influenza A virus nucleoprotein and counterstained with hematoxylin and eosin. Both nasal epithelial cells and bronchiolar epithelial cells expressed influenza virus antigen. No differences in influenza virus antigen expression were observed between the three groups of ferrets (see Fig. S3 in the supplemental material). Thus, there were no marked differences in pathogenicity and virus shedding between the ferrets infected with the wild-type and mutant H1N1 viruses tested.
Pathogenesis experiments in mice. To investigate the pathogenesis in mice, groups of five or six BALB/c mice were inoculated intranasally with 2.5 ϫ 10 6 TCID 50 of each virus and weighed daily as an indicator of disease ( Fig. 1D ) (see Fig. S4 in the supplemental material). In the first 4 days, mice in all three groups lost body weight at the same rate. At 4 dpi, several mice in each group showed more than 25% body weight loss and were euthanized for ethical reasons, and at 7 dpi all mice were euthanized ( Fig. 1E) . At 4 and 5 dpi, all mice inoculated with NL602-D222G experienced difficulties in opening their eyes, either unilaterally or bilaterally, and were more sensitive to light, in contrast to mice inoculated with NL602-WT and NL602-D222E. Virus was isolated from the eyes of only one of three mice tested and at a very low titer of 0.7 TCID 50 /ml. Other clinical signs were similar in the three groups. In parallel, groups of six mice were inoculated intranasally with 2.5 ϫ 10 6 TCID 50 of the three viruses, and the lung virus titers were determined at 3 and 5 dpi by titration of lung homogenates in MDCK cells. The titers for NL602-D222Eand NL602-D222G-inoculated groups were ϳ0.3 log 10 TCID 50 higher than for NL602-WT at 3 dpi. At 5 dpi, the lung virus titers for NL602-D222E-and NL602-D222G-inoculated groups were 0.3 log 10 TCID 50 lower than for the NL602-WT group (Fig. 1F) . Although there were thus some differences in virus replication and pathogenicity between the groups inoculated with the wild-type and mutant viruses, the differences were relatively small.
Transmission experiments in ferrets. Aerosol or respiratory droplet transmission of the three viruses was tested in the ferret model. Four individually housed ferrets were inoculated with each virus, and naive animals were placed in a cage adjacent to each inoculated ferret at 1 dpi. The experimental setup was designed to prevent transmission via contact, but to VOL. 84, 2010 D222G IN PANDEMIC H1N1 HA AFFECTS RECEPTOR SPECIFICITY 11805 allow transmission via aerosols or respiratory droplets (33) . The inoculated ferrets started to shed virus at 1 dpi, with virus titers up to 10 6 TCID 50 /ml in throat and nose swabs ( Table 1 ) (see Fig. S5 in the supplemental material). The naive ferrets became infected as a result of aerosol or respiratory droplet transmission on 1 day postexposure (dpe) in the NL602-D222E group and on 2 dpe in the NL602-WT and NL602-D222G groups. Transmission was detected in all four animals in the FIG. 1. Weight loss and virus shedding in ferrets and mice inoculated with NL602-WT, NL602-D222E, or NL602-D222G. Data are shown for ferrets (A to C) and mice (D to F) inoculated with NL602-WT (f), NL602-D222E (}), or NL602-D222G (OE). Body weights are depicted as the percentage of body weight at time of inoculation. Body weight is shown as average for six ferrets until 3 dpi and three ferrets from 4 to 7 dpi (A) or for five to six mice (D). Virus detection in throat swabs (B) and nose swabs (C) in ferrets are indicated for NL602-WT (f), NL602-D222E (Ⅺ), and NL602-D222G (u). Geometric mean titers for positive samples are displayed, and error bars indicate the standard deviations. The lower limit of detection is indicated by the dotted line. The proportion of surviving mice is shown for each group (E). Virus titers in the lungs of inoculated mice (n ϭ 3) were determined at 3 and 5 dpi, with the geometric mean titers and standard deviations indicated (F). Symbols and colors are consistent in panels A to F. a Three ferrets were euthanized at 3 and 7 dpi each. The virus titers in the nasal turbinates (NT), trachea, and lungs were determined. Virus was not detected in any of the extrarespiratory organs. The detection levels for nasal turbinates, trachea, and lungs were Ͻ1.63, Ͻ1.68, and Ͻ1.25 log 10 TCID 50 /g of tissue, respectively. The geometric mean titers of positive samples are given, and the numbers of positive animals are indicated in parentheses. WT, wild type. b ND, not detected.
NL602-WT and NL602-D222G groups and in all three animals in the NL602-D222E group (in this group one animal died, unrelated to the experiment). Virus was extracted from nose swabs of inoculated and exposed ferrets, and the HA sequence was analyzed. No amino acid substitutions were detected.
These results indicate that the D222E or D222G substitutions in HA of NL602 had no detectable effect on transmission between ferrets. Transmission experiments in guinea pigs. Four guinea pigs were inoculated intranasally with 10 4 TCID 50 of NL602-WT or NL602-D222G. At 1 dpi, the cage of each infected guinea pig was placed next to that of one naive animal in order to initiate aerosol or respiratory droplet exposure. Animals were housed in this way for a period of 7 days. The virus titers in nasal washes collected from inoculated and exposed animals were determined. Both viruses were detected in the nasal washes of inoculated animals at 2 dpi, with virus titers ranging up to 3 ϫ 10 8 PFU/ml. All four animals in both groups of exposed animals were infected at 3 dpe (see Fig. S6 in the supplemental material). Thus, introduction of the substitution D222G in HA of NL602 had no detectable effect on transmissibility of the virus via aerosol or respiratory droplets in guinea pigs.
Receptor specificity in hemagglutination assays with modified TRBC. The receptor specificity of wild-type and mutant recombinant viruses was determined by using hemagglutination assays with normal TRBCs or with TRBCs with only ␣2,3-SAs ␣2,6-SAs on the cell surface. Removal of sialic acids and proper resialylation of TRBCs were confirmed in hemagglutination assays using the seasonal human H3N2 influenza virus A/Netherlands/213/03 and the avian H5N1 influenza virus A/Viet nam/1194/04. NL602-WT, NL602-D222E, and NL602-D222G had hemagglutination titers of 256, 128, and 64, respectively, using normal TRBCs. After removal of sialic acids from the TRBCs with Vibrio cholerae neuraminidase (VCNA), this agglutinating activity was totally abolished. Upon reconstitution of TRBCs with ␣2,3-SAs using ␣2,3-(N)-sialyltransferase, none of the pdmH1N1 caused hemagglutination, whereas the control avian H5N1 virus caused normal agglutination (Table 2). Upon reconstitution of TRBCs with ␣2,6-SAs using ␣2,6-(N)-sialyltransferase, NL602-WT and NL602-D222E had hemagglutination titers within 2-fold from titers obtained with untreated TRBCs, as did the control human H3N2 influenza virus ( Table 2 ). In contrast, NL602-D222G did not agglutinate ␣2,6-TRBCs. From this experiment, it was concluded that the receptor specificity of NL602-D222G was different from the receptor specificity of NL602-WT and NL602-D222E. Presumably, NL602-D222G binds to relatively complex sialic acids on TRBCs, in particular sialic acids that were not reconstituted with either ␣2,3-(N)-sialyltransferase or ␣2,6-(N)-sialyltransferase alone.
Attachment of viruses to cells of mallard duck colon. Next, the receptor specificity of NL602-D222G was compared to that of NL602-WT and NL602-D222E using virus histochemistry ( Fig.  2A ) (see Fig. S7 in the supplemental material). In this technique, virus attachment to specific tissues is directly visualized using FITC-labeled viruses and formalin-fixed tissue samples. In contrast to NL602-WT and NL602-D222E, NL602-D222G attached abundantly to the epithelial cells of mallard duck colon. It is well known that cells of duck colon express ␣2,3-SAs abundantly, both N-acetylneuraminic acid (NeuAc␣2,3Gal) and N-glycolylneuraminic acid (NeuGc␣2,3Gal) (20) . Thus, in contrast to NL602-WT and NL602-D222E, NL602-D222G likely attached to ␣2,3-SAs.
Attachment of viruses to cells of the human respiratory tract. Next, the attachment pattern of NL602-WT and NL602-D222G to tissues of the human upper and lower respiratory tracts, including the nasal turbinates, trachea, bronchus, bronchiole, and alveoli, were determined. There were no marked differences in the attachment of the two viruses to cells in the human upper respiratory tract; both viruses attached to ciliated epithelial cells, goblet cells, and the submucosal glands of nasal turbinates (Fig. 2B) . In tissues of the human lower respiratory tract, both viruses attached to the epithelium-predominantly ciliated cells-of the trachea, bronchi, and bronchioles, with no marked differences in attachment (Fig. 2C) . Interestingly, NL602-D222G attached more abundantly to the intracellular mucus of submucosal glands of the trachea and bronchi than NL602-WT ( Fig. 2D ) (see Fig. S8 in the supplemental material). In the alveoli, both viruses attached predominantly to type I pneumocytes (Table 3 ). However, an additional notable difference in the attachment pattern of NL602-WT and NL602-D222G to human respiratory tract tissues was that NL602-D222G attached to a higher proportion of alveolar macrophages and type II pneumocytes in the alveoli (Fig. 2E ). This was analyzed quantitatively in alveolar tissues from three individuals by counting positive and negative cells; NL602-D222G attached to 63% of the type II pneumocytes and 53% of the macrophages present in the alveoli, compared to 21 and 11%, respectively, for NL602-WT ( Table 3 ). The higher proportion of positive type II pneumocytes and alveolar macrophages upon incubation with NL602-D222G was consistent among tissues of the three individuals tested (see Table S2 in the supplemental material). Thus, the receptor specificity of NL602-D222G was markedly different from the receptor specificity of NL602-WT, with clear differences in virus attachment to type II pneumocytes and alveolar macrophages in the human respiratory tract.
Structural determinants of ␣2,6-linked sialic acid binding. It has previously been reported that the introduction of D222G in HA of 1918 virus resulted in increased binding to ␣2,3-SAs and reduced binding to ␣2,6-SAs in glycan arrays (47) . The pdmH1N1 virus with D222G also bound more abundantly to avian receptors based on virus histochemistry (see Fig. S7 in the supplemental material), yet this was not associated with a loss in binding to receptors present on human cells (Fig. 2) . To attempt to explain this potential discrepancy in binding of the two different H1N1 virus mutants to ␣2,6-SAs, computer simulations were performed for the 1918 HA and pdmH1N1 HA structures with or without D222G. For 1918 H1N1, ␣2,6-SA was observed to bind in two distinct conformations, which we refer to as modes 1 (53% of structures) and 2 (46% of structures). These modes differ in the interactions formed between ␣2,6-SA and HA, which change the position of the galactose sugar within the receptor binding pocket (Fig. 3A ) (see Fig. S9 in the supplemental material). NL602-WT was also observed to adopt similar binding modes 1 (55% of structures) and 2 (27% of structures) ( Fig. 3B ) (see Fig. S10 in the supplemental material). Unlike 1918-WT, many intermediate structures were observed for NL602-WT ( Fig. 3C and D, solid lines) . The interactions between ␣2,6-SA and residues that are different between 1918 and NL602, or that are known to be involved in binding, were monitored throughout the simulations. The most common interactions with ␣2,6-SA seen in the simulations of 1918-WT and NL602-WT involved the side chains of 187D and 219K, and both the side chain and backbone of 222D ( Fig. 4A and C). For NL602-WT, additional interactions are seen between ␣2,6-SA and the side chains of 130K and 142K. In the simulations for 1918-D222G, ␣2,6-SA was observed to FIG. 2. Attachment of NL602-WT and NL602-D222G viruses to avian and human tissues. The attachment patterns to cells in mallard duck colon (A), human upper respiratory tract (B), and human lower respiratory tract (C to E) are shown. The following tissues were analyzed: colon (A1 and A2), surface epithelium (B1 and B2) and submucosal glands (B3 and B4) of nasal turbinates, trachea (C1 and C2); bronchus (C3 and C4), bronchiole (C5 and C6), alveolus (C7 and C8), tracheal submucosal glands (D1 and D2), and alveolar macrophages (E1 and E2). Virus attachment is shown in red. Odd and even numbers show staining with NL602-WT and NL602-D222G, respectively. The panels were chosen to represent attachment patterns in the whole tissue section as much as possible, but small differences between the single panels and overall view may exist. 
a For the score, attachment as shown in Fig. 2 was scored as follows: attachment to no (-), few (ϩ/-), a moderate number (ϩ), or many (ϩϩ) cells. The median scores for tissues of three individuals are shown. *, The goblet cells were occasionally positive; †, the submucosal glands were positive. Cell type refers to the predominant cell type to which the virus indicated is attached: ciliated cells (C), type I pneumocytes (I), or type II pneumocytes (II).
b That is, the percent positive type II pneumocytes and alveolar macrophages (M) in tissues from three individuals were determined, and the averages are given.
form interactions less frequently with the side chains of 222G and K219 ( Fig. 4B and D) . These are key to the stability of mode 2 (see Fig. S9C and S9D in the supplemental material), which is seen to be almost entirely lost (Fig. 3C, dashed line) . This observation offers an explanation for the reduced binding seen for 1918-D222G (26) . For NL602-D222G, this decrease was also observed in the simulations; however, there were additional interactions with the side chains of 130K, 142K, and 224E, which are not present in 1918-D222G. These additional interactions (see Fig. S10C and S10D in the supplemental material) prevent the destabilization of mode 2 in NL602-D222G ( Fig. 3D, dashed line) . We propose that it is these differences that allow NL602-D222G to maintain binding to ␣2,6-SA. Antigenic properties of wild-type and mutant viruses. The antigenic properties of NL602-WT, NL602-D222E, and NL602-D222G were determined by HI assays using a panel of ferret and rabbit antisera raised against H1 influenza viruses. The antigenic properties of NL602-WT, NL602-D222E, and NL602-D222G were indistinguishable, and substitution D222G thus did not affect the antigenic properties of pdmH1N1 (see Table S3 in the supplemental material).
DISCUSSION
As of January 2010, the public sequence databases contain around 3,000 partial or full-length hemagglutinin sequences for pdmH1N1. In part, these intensive sequencing efforts were dedicated to screen for the emergence of virulence markers in the pdmH1N1 genome. There have been no indications of the presence of virulence markers in HA to date, with the exception of D222G. Of all HA sequences spanning position 222, close to 92% had 222D, 5.5% had 222E, and 1.4% had 222G, and for 1.3% the amino acid residue at position 222 was uncertain. It has been reported that D222G may arise upon passage of swine influenza A viruses with 222D in embryonated chicken eggs (49) . The proportion of sequences with ambiguity at position 222 and sequences with 222G could be related to viral mutants or quasispecies emerging either in vivo or upon propagation in eggs. Therefore, the prevalence of 222G in pdmH1N1s in the population cannot be interpreted with certainty using public sequence databases alone. However, in numerous cases of severe disease or fatality due to pdmH1N1 infection, virus genomes with D222G were detected in respiratory specimens by direct sequencing, or upon propagation in cell cultures only (6, 23, 31, 38) . A further complication of estimating the true prevalence of 222G in mild and severe cases of disease is the potential bias toward more frequent sampling from the lower respiratory tract in severe cases. Although in one study (23) the virus sequences in the upper and lower respiratory tracts were identical, another study (6) showed that D222G quasispecies were identified mainly in endotracheal aspirate samples and were identified less frequently in nasopharyngeal aspirate samples from patients with severe disease.
The virulence and virus secretion patterns for pdmH1N1 with D222G were comparable to that of wild-type virus in mice and ferrets. The only noticeable difference in pathogenesis was the ocular disease caused by the NL602-D222G virus in mice.
Although ocular disease to our knowledge has not been reported as a prominent disease symptom for pdmH1N1 in humans, this trait could point to altered receptor specificity of the D222G virus. To investigate the ocular disease further, mice were inoculated with a lower dose (2.5 ϫ 10 4 TCID 50 /mouse) of NL602-WT or NL602-D222G, and none of these mice suffered from ocular disease. Furthermore, virus attachment studies using NL602-WT and NL602-D222G were performed on the eyes and eyelids obtained at necropsy from noninfected mice. This analysis did not show virus attachment to mouse conjunctivae (see Fig. S11 in the supplemental material). Based on these experiments we conclude that the ocular disease was not related to major differences in virus attachment to mouse conjunctiva, was primarily related to the high inoculum dose used in the pathogenesis experiment, and did not correspond with extensive virus replication in the eyes. These experiments do not exclude the possibility of NL602-D222G attaching to mouse conjunctiva with low affinity, especially when inoculated at a high dose. The absence of purulent exudate from the eyes, as well as the reisolation of NL602-D222G from the eyes of one of three mice tested, suggests that the cause of the observed ocular disease is due to the inoculated virus rather than to another etiological agent such as a bacterium. The most remarkable difference in phenotype between wildtype and D222G pdmH1N1 was the receptor binding, as revealed by virus attachment studies in vitro using tissues of the human respiratory tract, avian colon, and TRBCs. NL602-D222G attached to the same cell types of the human respiratory tract to which NL602-WT attached but also attached more abundantly to the intracellular mucus of the submucosal glands of the trachea and bronchi and to a higher proportion of macrophages and type-II pneumocytes in the alveoli. Efficient attachment to type II pneumocytes and alveolar macrophages has previously been reported for fatal HPAI H5N1 and H7N7 viruses (34, 52) . Such attachment patterns are in agreement with the distribution of ␣2,3-SAs in the human respiratory tract (43) and correspond to pathological findings in influenza patients with severe lower respiratory disease (53) . It has also been shown that HPAI H5N1 viruses are potent inducers of proinflammatory cytokines in macrophages (7) , and it was suggested that this cytokine induction may relate to the unusual disease severity caused by HPAI H5N1 viruses in humans. The abundant attachment of D222G pdmH1N1 to alveolar macrophages may imply that similar mechanisms increase its pathogenicity. In addition, targeting of type II pneumocytes in the alveoli may lead to abundant virus production at these sites, potentially resulting in impaired cell function, including disrupted repair of the epithelium after alveolar damage, disregulated ion transport, and aberrant surfactant production.
In agreement with increased attachment of NL602-D222G to avian cells, the differences in attachment are likely explained by an increased affinity for ␣2,3-SAs, while maintaining specificity for ␣2,6-SAs. Previous work using glycan arrays with HA of two 1918 H1N1 viruses indicated that D222G increased the affinity for ␣2,3-SAs, specifically those with a negative charge such as a sulfate group or sialic acid (47) . Although D222G in 1918 HA did not abolish binding to ␣2,6-SAs in hemagglutination assays with modified chicken red blood cells, it did result in reduced affinity for a broad range of ␣2,6-SAs in glycan arrays (14, 47) . In computer simulations, the 1918 HA only formed a limited number of hydrogen bonds to ␣2,6-SA. In 1918-D222G, these bonds were weakened such that binding to simple ␣2,6-linked glycans would be expected to decrease significantly. In contrast, the HA of NL602-WT formed additional hydrogen bonds to ␣2,6-SA via 130K and 142K. These were maintained in NL602-D222G, along with an increase in hydrogen bond interactions between 224E and ␣2,6-SA. This observation suggests that these interactions, which were not seen in 1918, allow continued ␣2,6 binding in NL602-D222G. It was also shown previously that 1918 virus with 222G bound efficiently to the sulfated sialic acid 6-O-Su-3Ј-SLN, a glycan found in human airway mucins (25) . This observation is in agreement with the binding of NL602-D222G to the submucosal glands in human trachea and bronchi. Whether this attachment reflects a biologically relevant function, related to virus distribution and shedding in humans, remains unknown. Based on the experiments with modified TRBCs, we speculate that the NL602-D222G binds to complex SA receptors, because this virus agglutinated unmodified TRBCs but not reconstituted ␣2,3-TRBCs or ␣2,6-TRBCs. The simplest explanation for this observation is that the ␣2,3-sialyltransferase and ␣2,6-sialyltransferase used to reconstitute sialic acids only recognize galactose linked to other glycans via ␤-1,4 and ␤-1,3 and that complex sugar molecules, such as those with both ␣2,3and ␣2,6-linked structures, were not reconstituted in these assays. Further experiments are required to identify the exact biologically relevant glycans recognized by pdmH1N1 HA with or without D222G.
Although NL602-D222G acquired the ability to bind to ␣2,3-SAs, it retained affinity for ␣2,6-SAs associated with attachment to and replication in cells of the upper respiratory tract. This observation was in agreement with the D222G virus being transmitted via aerosol or respiratory droplets in animals. In humans, the D222G mutation was identified in a severely ill man and was transmitted to a family member who had only a mild illness (38) , which is in agreement with the data presented here indicating that transmission is plausible. It is further important to note that substitution D222G did not affect the antigenic properties of pdmH1N1, as determined by HI assays with ferret and rabbit antisera; when a panel of antisera against H1 viruses was used, the antigenic properties of NL602-WT and NL602-D222G were indistinguishable (see Table S3 in the supplemental material). These data suggest that currently available pandemic influenza vaccines would provide similar protection to the pdmH1N1s with or without D222G and that vaccination could potentially limit the impact of viruses with D222G in the future.
